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The feasibility study on carbon fibre reinforced polymer (CFRP) fabrics in axial strengthening of hollow square sections (HSS) was
investigated in this paper. CFRP was used as strips form with other parameters such as the number of layers and spacing of strips.
Experimental results revealed that the external bonding of normal modulus CFRP strips significantly enhanced the load carrying
capacity and stiffness of the hollow sections and also reduced the axial shortening of columns by providing external confinement
against the elastic deformation. The increase in the CFRP strips thickness effectively delayed the local buckling of the above members
and led to the inward buckling rather than outward one. Finally, three-dimensional nonlinear finite element modeling of CFRP
strengthened hollow square sectionswas created by using ANSYS 12.0 to validate the results and the numerical results such as

failure modes and load deformation behaviour fairly agreed with the experimental results.

1. Introduction

Over the past few decades, the structural applications of
hollow square sections (HSS) in offshore structures became
widespread due to its numerous advantages such as light
weight, high strength, large energy absorption capacity, high
torsional rigidity, and adequate ductility to certain extents.
And very recently, designers discovered its economical
advantages as well. At the same time, aging and deterioration
caused by exposure to the marine environment of tubular and
metallic structures were often reported. In addition to that
infrastructure concerned with metallic structures were found
to be structurally unsatisfactory due to overloading and
deficiency in the design phase. Hence, the engineers are con-
strained to implement new materials and effective strength-
ening technique to efficiently combat this problem. From the
past, the research initiatives observed that external strength-
ening provides a practical and cost effective solution. The
earliest investigators utilized steel plates for external strength-
ening. Though the technique was successful in practice, it
posed some harms such as addition of self-weight, required
heavy lifting equipment, difficulty in shaping and fitting in

complex profiles, and complication in bonding/welding and
further added plates are susceptible to corrosion which leads
to an increase in future maintenance costs. In contrast, reha-
bilitation using fibre reinforced polymer (FRP) composites
does not exhibit any of these drawbacks. The FRP composite
materials were introduced in the year 1909. But the composite
industry began to bloom only after 1930s [1]. First, the glass
fibre reinforced polymers (GFRP) were used in aircraft radar
covers at the end 0f1930s [2] and FRP boat hulls and car bod-
ies were developed with glass fibres as the major reinforce-
ment. And also, glass fibre was used as an insulator to prevent
galvanic corrosion of metals since it is a nonconductive
material [3]. Atthe end 0f1960s, Royal Aircraft Establishment
had developed the carbon fibre reinforced polymer (CFRP)
for special applications [4]. Unlike glass, carbon has very high
stiffness of the same order as that of the steel and behaves
very well against creep deformation and relaxation [1]. After
introduction of advanced composite materials in construc-
tion industry, a second generation utilized those materials in
external strengthening of structures. The CFRP has proved to
be an excellent candidate for strengthening of reinforced con-
crete structures because of its superior mechanical, fatigue,
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FIGURE 1: Wrapping Scheme (a) HS-50-20 (b) HS-50-30.
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FIGURE 4: Failure mode of control column.
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FIGURE 5: Failure mode of column HS-50-20-T1(1).

and in-service properties. However, research related to CFRP
applications to steel structures has started quite recently and
there are still few applications in practice due to uncertainties
concerning the long term behaviour of these applications and
the bonding between the composite materials and steel.

One of the first known studies on this topic that involved
the use of CFRP laminates to repair steel structures was
conducted by Sen and Liby [5]. Six composite beams were
tested under four-point bending setup. An epoxy adhesive
was used to wrap the CFRP laminates in the tension flange of
the steel beam in different configurations. High strength steel
bolts were also used in an attempt to increase the load transfer
to the CFRP laminates Test results indicated that more
modest improvement in the elastic response was required,
even though significant ultimate strength was gained.

In another investigation, Jiao and Zhao [6] studied the
performance of butt-welded very high strength (VHS) steel

tubes strengthened with CFRP fabrics under axial tension.
Three types of epoxy resins with different lap shear strengths
were used. Three kinds of failure modes such as adhesive
failure, fibre tear, and mixed failure were observed. The
above investigation concluded that a significant strength
can be achieved using CFRP-epoxy-strengthening technique
and they also recommended a suitable epoxy adhesive for
strengthening of VHS steel tubes.

Photiou et al. [7] investigated the effectiveness of an
ultrahigh modulus and high modulus CFRP prepreg in
strengthening the artificially degraded steel beam of rectan-
gular cross-section under four-point loading by using two
different wrapping configurations. The beam containing the
ultrahigh modulus CFRP failed when the ultimate strain of
the carbon fibre reached the pure moment region. In addi-
tion, the failure load exceeded the plastic collapse load of the
undamaged beam. The beams strengthened by using the high
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FIGURE 7: Failure mode of column HS-50-20-T3(2).

modulus CFRP exhibited ductile response leading to very
high deflections even after higher ultimate load was reached.

Seica and Packer [8] investigated the FRP materials for
the rehabilitation of tubular steel structures for underwater
applications. Six tubes were wrapped with CFRP compos-
ites. Two specimens were prepared under in-air conditions
and remaining four specimens were under seawater-curing
conditions. The test results shown that the ultimate strength
of the tubes wrapped under in-air and seawater-curing
conditions have 16-27% and 8-21% more than that of bare
steel beam, respectively.

Tao et al. [9] presented the results of axial compression
and bending tests of fire-damaged concrete-filled steel tubes
(CFST) repaired using unidirectional CFRP composites. Both
circular and square specimens were tested to investigate the

repair effects of CFRP composites on them. The test results
showed that the load-carrying capacity and the longitudinal
stiffness of CFRP-repaired CFST stub columns increased
while their ductility decreased with the increasing number of
CFRP layers. And also it was recommended that appropriate
repair measures should be taken in repairing severely fire-
damaged CFST beams or those members subjected to com-
paratively large bending moments.

In another study, Tao and Han [10] repaired the fire-
exposed CFST beam columns by unidirectional CFRP com-
posites. The test results revealed that the fibre jackets
enhanced the load-bearing capacity to some extent, while the
influence of CFRP repair on stiffness was not apparent.

Elchalakani and Fernando [11] studied the plastic
mechanism analysis of unstiffened steel I-section beams
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F1GURE 8: Failure mode of column HS-50-30-T1(1).

FIGURE 9: Failure mode of column HS-50-30-T2(1).

strengthened with CFRP composites. The CFRP plates were
added with the specimens on the tension flange and with
some specimens on both compression and tension flanges
and some were bonded onto the whole section including the
web. The results showed that the strength enhanced was by
32% for the specimens strengthened on both compression
and tension flanges whereas it was by 15% in the case of
specimens on tension flange only.

Recently, Narmashiri et al. [12] conducted both exper-
imental and numerical investigations on the structural
behaviour of steel I-beams flexurally strengthened by CFRP
strips. Twelve beams were strengthened by using different
types and dimensions of CFRP strips. Four types of failure
modes were observed and their occurrences and sequences
are varied on the strengthening schedule.

Kadhim [13] numerically investigated the behavior of
I-beam strengthened with CFRP plate and the effect of

strengthening length. The load-deflection response curves
were predicted using finite element analysis (FEA) and were
compared with experimental data. The analytical results
showed that the length of CFRP plate increased the ultimate
strength of beam when they reached 40% and 60% of span
length in sagging and hogging regions, respectively.

Wu et al. [14] performed a series of experiments to
evaluate the bond characteristics between ultrahigh modulus
(UHM) CFRP laminate and steel by double strap joints.
Different adhesives were used in order to compare their effec-
tiveness when used for bonding UHM CFRP laminate with
steel. Theoretical models were employed for the prediction
of bond strength and effective bond length. The simulation
results agreed well with experimentation under ultimate load,
load extension curves, and bond-slip relationships.

Al-Zubaidy et al. [15] examined the bond characteristics
between CFRP fabrics and steel plate joints under impact
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F1GURE 10: Failure mode of column HS-50-30-T3(1).
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FIGURE 11: (a) Membrane strain in steel tube and (b) restraint effect by CFRP.

tensile loads. Different numbers of CFRP layers with differ-
ent bond lengths were investigated. Experimental findings
revealed that the effective bond length is insensitive to
loading rate for both joints and in addition the maximum
improvement in joint capacity occurred at a rate of 3.35 m/s.

Colombi and Fava [16] investigated the fatigue perfor-
mance of tensile steel/CFRP double shear lap joints. Fatigue
tests were performed on specimens under constant stress
range loading cycles. The debonding of fibre was observed
at stress concentration zones and propagated along the
CFRP/adhesive interfaces.

From the past research, it can be observed that there
have been investigations done with the use of CFRP fabrics
as a strengthening material for metallic members and also

the presence of CFRP significantly enhanced the structural
behaviour of steel tubular members. However, research
related to strengthening of hollow sections using FRP strips
composites is not widespread and also more experiments are
required to derive an optimal combination of fibre orienta-
tion, number of layers, and sequence in applying CFRP layers.
The main objective of the investigation is to experimentally
investigate the suitability of carbon fibre reinforced polymer
strips in strengthening the corroded tubular members under
compression and also compare the effectiveness of geometric
shapes (i.e., wrapping scheme) of the upgrading material. To
eliminate the galvanic corrosion between steel tube and CFRP
fabrics, a thin layer of glass fibre mat was introduced between
them.
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FIGURE 12: Axial stress-strain behaviour of columns HS-50-20—comparison.
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FIGURE 13: Axial stress-strain behaviour of columns HS-50-30—comparison.

2. Materials

2.1. Carbon Fibre. The unidirectional carbon fibre called
MBrace 240 fabricated by BASF India Inc was used in this
study. It is a low modulus CFRP fibre having modulus of
elasticity of 240 kKN/mm?* and the tensile strength of 3800 N/
mm?. The thickness and width of the fibre were 0.234 mm and

600 mm, respectively. It is a fabric type and can be tailored to
any desired shape.

2.2. Adhesive. The MBrace saturant supplied by BASF India
Inc was used in this study to get sufficient bonding between
steel tube and carbon fibre. It is a two-part system, a resin and
a hardener, and the mixing ratio was 100:40 (B: H).
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2.3. Steel Tube. The square hollow steel tube confirming to
IS 4923-1997 and having a dimension of 91.5 mm x 91.5 mm
was used in this study. The thickness and height of the square
hollow steel tube were 3.6 mm and 600 mm, respectively. The
yield strength of the tube was 249 MPa and found from the
experimental values.

3. Experimental Program

3.1. Specimen Fabrication. At some stages of loading, the
hollow sections have undergone large deformation and the
membrane strain was triggered in both directions when
the tube started to elastically buckle. Haedir et al. [17, 18]
predicted that the strength of short circular column was
enhanced when reinforced with CFRP layers in transverse
direction compared to the column with longitudinal layers.
Based on the above, in this investigation, all the columns were
aimed to strengthen with CFRP fabrics in transverse direc-
tion. The hollow sections of 600 mm height were machined
from 6 m length hollow tubes. Surface preparation of the
metal substrate is very important to achieve good bonding
between the steel tube and CFRP fabrics. Hence, the exposed
degraded surfaces of the tubular specimens were sand blasted
in order to make the surface rough one. Then the surface
of the specimens was cleaned by using acetone to remove
all contaminant materials [19]. Prior to bonding CFRP, a
thin layer of glass fibre fabric was introduced between the

steel surface and CFRP composites in order to eliminate the
galvanic corrosion. During wrapping of fibre fabrics, the resin
and hardener were correctly proportioned and thoroughly
mixed together and the excess epoxy and air were removed
using a ribbed roller moving in the direction of the fibre
which is shown in Figure 2.

3.2. Experimental Setup. The hollow sections were tested
in compression testing machine of capacity 2000 kN. Each
member was positioned on the supports taking care to ensure
that its centreline was exactly in line with the axis of the
machine. The verticality of the specimens was checked using
plumb bob and sprit level. The specimens were instrumented
to measure longitudinal axial compression. The load was
applied to the column by hydraulic jack and monitored by
using 1000 kN capacity load cell. Axial deformation of the
column was measured by using linear voltage displacement
transducer (LVDT) which was kept at top of the jack [20].
The load cell and LVDT were connected with the 16-Channel
Data Acquisition System to store the respective data. At the
beginning, a small load of 20 kN was applied slowly, so that
the columns settled properly on thier supports. Then the
load was removed after checking the proper functioning of
the instrumentation. The trial load was applied again slowly
and the column was then tested to failure by applying the
compressive load in small increments and the observations
such as axial deformation and the ultimate load were carefully
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recorded. The load at which the CFRP starts rupturing and
the nature of failure were also noted for each column. The
experimental setup is shown in Figure 3.

3.3. Description of Specimens. Among twenty-one specimens,
eighteen were externally bonded by CFRP strips having
a constant width of 50 mm wrapped with the spacing of
20 mm and 30 mm and the remaining three specimens were
unbonded. The wrapping schemes are shown in Figure 1. The
size and length of the columns used were 91.5 x 91.5 X 3.6 mm
and 600 mm, respectively. To identify the specimen easily,
the columns were designated with names such as HS-50-20-
T1, HS-50-20-T2, HS-50-20-T3, HS-50-30-T1, HS-50-30-T2,
and HS-50-30-T3. For example, the specimen HS-50-20-T3
specifies that it was strengthened by three (3) layers of 50 mm
width horizontal strip (HS) of CFRP fabrics in transverse
direction (T) with the spacing of 20 mm. The control columns
are specified as CCl, CC2, and CC3.

4. Results and Discussion

4.1. Failure Modes. The failure modes of all tested columns
are shown in Figures 4 to 10. All the specimens were
tested until failure to fully understand the influence of FRP
characteristics on their axial behaviour. In the case of control
specimens (CCl, CC2, and CC3), both inward and outward

buckling were observed on all four sides at the respective
load of 546 kN, 564 kN, and 549 kN and is shown in Figure
4. The outward buckling was observed at the ends causing
rupture of CFRP due to hoop tension in the case of columns
bonded with one and two layers of CFRP strips with the
spacing of 20 mm which are shown in Figures 5 and 6, and in
addition no rupture of fibre was observed in other locations.
When increasing the number of layers from two to three, the
failure was turned into inward buckling rather than outward
observed at the top ends of the specimen which is shown
in Figure 7. It is the common failure mode, and since the
thickness of the CFRP increases, the outward deformation is
significantly restrained by the CFRP and as a result inward
buckling of steel tube occurred. But it has been noted that,
in all specimens above, no debonding of fibre was observed
before attaining their ultimate load, and hence it can be
confirmed that there was a perfect bond between the steel and
CFRP in all cases and it may be considered as fully bonded
steel-CFRP composite plate. In addition, after rupture of
CFRP, an abrupt reduction in load was observed and this may
be due to the immediate absence of confinement pressure
provided by the CFRP.

When increasing the spacing of CFRP strips from 20 mm
to 30 mm, all the specimens that failed by local buckling of
steel tube alone in unbonded region and without any rupture
of fibre which are shown in Figures 8, 9, and 10. From the
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FIGURE 22: Typical computed deformed shapes of CC.

above observations, it can be noted that when increasing
the spacing of CFRP strips, the unbonded area will become
more and it was subjected to maximum strain during loading
and consequently buckling of steel tube occurred in the
unwrapped zone due to the absence of confinement pressure
provided by the CFRP composites.

4.2. Axial Stress-Strain Behavior. The square hollow steel
tube may be considered as stiffened plates and by assuming
that their both longitudinal edges are fixed, the slenderness
ratio of the plate calculated by the following equation (1) is
proposed by Seica and Packer [8]:

—

fCT

£ - kn’E ( t )2
Co12(1-v)\b/’

where f, and f,, (the stress at which a material failed by crip-

pling/buckling) are the yield stress and ultimate elastic buck-

ling stress respectively. The yield stress (f,) can be defined

@

as the stress at which a material begins to deform plastically
which was obtained from the steel coupon test. The elastic
buckling stress, can be defined as the stress at which materials
failed by crippling/buckling, which was obtained form the
equation proposed by Seica and Packer [8]. t and b are the
thickness and width of the plate and v and E are the poisons
ratio and Young’s modulus of the plate. For stiffened element,
the buckling coeflicient of the plate was taken as 4.0 [8].
Table1 shows the slenderness value, maximum axial
deformation, average experimental buckling stress, and
percentage of enhancement in axial deformation control of
the strengthened columns compared to CC2. From Figures
12 to 17, it was observed that external bonding of CFRP
fabrics effectively delayed the local buckling of the steel tube
and also reduced the axial shortening by providing external
confinement against the elastic deformation which is shown
in Figurell. At some stages in loading, the plates in the
members have undergone large deformation and the mem-
brane strain was triggered in both directions, which is shown
in Figure 11(a). In the meantime, CFRP that lies in the outer
limits started to resist lateral and axial strains by providing
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FIGURE 23: Typical computed deformed shapes of HS-50-20-T1.
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FIGURE 24: Typical computed deformed shapes of HS-50-20-T2.

confinement pressure as they were subjected to tension in the
hoop direction as shown in Figure 11(b). That confining pres-
sure exerted by the CFRP strips composites against the axial
deformation can be called the restrained effect. Compared to
control specimens, the columns HS-50-20-T1(1), HS-50-20-
T2(1), and HS-50-20-T3(1) enhanced their restraining effect
by 68.68%, 116.88%, and 163.40% respectively, and significant
fall in curve was observed at the peak stage due to sudden
rupture of CFRP. The addition of number of layers that
provides further enhancement in buckling stress is shown
in Figures 12 and 15. From the above observations, it can be
seen that bonding of CFRP fabrics increases the thickness
of the steel tube and decreases the slenderness value of the
composite plate and as a result, the elastic buckling stress of
the steel tube increased. In addition to that the enhancement
in buckling stress due to addition of layers was not
proportional. The above nonlinearity in buckling stress when
increasing the number of fibre layers may be attributed to
crushing of resin lying in-between the fibres. When the resin
started to crush, a sudden drop in substantial load transfer
occurred and as a result, nonlinearity in axial deformation
control was observed. At the respective failure load of
specimens such as HS-50-20-T1(1) and HS-50-20-T2(1), the
axial deformation of a specimen HS-50-20-T3(1) observed
was 4.57mm and 5.13mm, respectively, and furthermore
this deflection was 25% to 80% lesser than that of specimens

HS-50-20-T1(1) and HS-50-20-T2(1) which is shown in
Figure 15. When increasing the spacing of FRP strips from
20 mm to 30 mm, the above similar behaviour was observed
in those columns; besides, the buckling stresses of the
columns were reduced. The enhancements in restraining
effect against axial deformation provided by the specimens
HS-50-30-T1(1), HS-50-30-T2(1), and HS-50-30-T3(1)
were 53.21%, 92.39%, and 125.67%, respectively, compared
to the column CC2 which is shown in Figures 13 and 16.
The experimental stress-strain behaviour of all columns is
presented in Figure 14. The column HS-50-30-T1(2) that has
higher axial deformation of 9.12mm compared to column
HS-50-20-T1(2) which has an axial deformation of 7.45 mm
is shown in Figurel7. And also, the column HS-50-20-
T2(2) tends to have more capability of controlling axial
deformation compared to column HS-50-30-T2(1). Figure
17 also illustrates that the column HS-50-30-T3(1) has more
axial deformation (7.02 mm) than of column HS-50-20-T3(1)
(6.12 mm) which is 14.7% less than HS-50-20-T3(1). This is
a result of the fact that, when increasing the spacing of fibre
strips, the unbonded area will become more and as a result,
reduction in restraint provided by the CFRP strips against
the axial deformation was observed.

4.3. Load Carrying Capacity. The experimental ultimate
strength and the percentage of enhancement in it resulting
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from the bonding of CFRP strips with various spacing are
presented in Table 1. The load carrying capacity of the column
can be defined as the column ability to resist the axial load.
The graphical representation of enhancement in ultimate
strength against number of layers is given in Figures 18 to
20. From that, it is confirmed that significant enhancement
in ultimate strength can be achieved with the application of
CERP strips, especially up to 44.32% more than that of bare
steel tube. The load at which the column failed was considered
as a maximum axial force or ultimate strength. Compared to
control column (CCl), the specimens HS-50-20-T1(1), HS-
50-20-T2(1), and HS-50-20-T3(1) enhanced their axial load
carrying capacity by 25.71%, 35.46%, and 44.32% as shown
in Figure 18. In similar manner, the columns wrapped with
30 mm spacing of CFRP strips such as HS-50-30-T1(3), HS-
50-30-T2(1), and HS-50-30-T3(1) have 22.51%, 32.8%, and
36.52%, respectively, more load carrying capacity than that
of control column as shown in Figure 19. This informs that
external bonding of CFRP strips provided sufficient restrain-
ing effect against deformation and also delayed the local
buckling of steel tube and as a result the ultimate strength
capacity was increased. From Figures 18 and 19, it is cleared
that increase in number of CFRP layers enhanced the ultimate
strength capacity of the steel tube; however, the enhancement

in ultimate strength due to addition of layers was not
proportional. As said earlier, this is a result of the fact that by
increasing CFRP layers, the composite plate thickness is also
increased and as a result, the elastic buckling stress/ultimate
strength of the steel tube increased. The column HS-50-20-
T3(1) enhanced its axial load carrying capacity by 17.63%
and 8.9% more than the columns HS-50-20-T1(2) and HS-
50-20-T2(2), respectively. Similarly, the column HS-50-30-
T3(1) enhanced its load carrying capacity by 12.9% and
4.19% compared to columns HS-50-30-T1(2) and HS-50-
30-T2(3), respectively. From Figure 20, it is also confirmed
that the columns strengthened by CFRP strips with smaller
spacing have more ultimate strength, and increase in ultimate
strength mainly depends on the proper designed spacing of
CFRP strips. When compared to column HS-50-30-T1(3), the
column HS-50-20-T1(2) has more load carrying capacity and
also the column HS-50-20-T2(1) enhanced its load carrying
capacity by 2% compared with the column HS-50-30-T2(1).
Figure 20 also illustrates that the column HS-50-20-T3(1) has
more axial load carrying capacity (814 kN) than column HS-
50-30-T3(1) (770 kN) and which is 5.71% more than HS-50-
30-T3(1). From the above observations, it can be suggested
that more benefit can be achieved by the bonding of CFRP
strips having a spacing of 20 mm.
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5. Finite Element Modelling

Three-dimensional non-linear finite element modeling of
CFRP strengthened tubular members were created by using
finite element package ANSYSI12.0 to validate the results
with the experimental results. The measured thickness of the
CFRP and the cross-sectional dimension of the specimen
were used in the numerical modelling. An eight-node solid
element (Solid45) was used to model the steel tubes and CFRP
fabrics, which is shown in Figure 21. The element is defined
by eight nodes having three degrees-of-freedom at each node
and eight translations in the nodal directions x, y, and z. Per-
fect bond between the steel and FRP sheets was assumed. This
assumption is quite reasonable as no signs of delamination
were observed experimentally [21]. The full transient struc-
tural analyses (time-history analysis or load-deformation
analysis) were performed to predict the load-deformation
behavior of the strengthened columns. The bottom surface
of the tube was made rigid and constrained in all degrees
of freedom and the top surface of the steel tube was con-
strained in all degrees-of -freedom except in the y-direction
[22]. Regarding the application of load, loads are applied
incrementally by means of an equivalent displacement to

overcome convergence problems. The load step increments
are varied in order to solve potential numerical problems.

5.1. Material Properties. The nonlinear behaviour of the steel
tube was modeled by specifying yield stress and tangent
modulus. The tangent modulus of the steel was assumed
as 0.5 percentage of its Young’s modulus [21] and the yield
stress 250 MPa was found from the experimental values. The
isotropic properties such as Young’s modulus and Poisson’s
ratio of the mild steel tubes were also chosen from the exper-
imental values and were about 210 GPa and 0.3, respectively.
The FRP composites are considered as an orthotropic mate-
rial; that is, their properties are not the same in all directions.
The thickness of single composite layer was 0.5 mm, which
is epoxy coated fibre thickness [22]. And the unidirectional
elastic properties, namely, Young’s modulus and Poisson’s
ratio, were assigned as 240 GPa and 0.22 respectively. For
analysis, the density of concrete, steel and CFRP was assigned
as 2500 kg/m?, 7850 kg/m’, and 1720 kg/m”, respectively.

5.2. Numerical Results. The nonlinear solution of the simu-
lated models was run in ANSYS12.0 and the results obtained
from numerical study fairly matched with experimental
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F1GURE 30: Comparison of experimental and computed axial stress-strain behaviours of HS-50-20-T1(1) columns.

study. The deformed shapes of the columns obtained by
numerical simulation fairly agreed with the corresponding
experimental results. In the numerical modeling, the failure
mode of column with the spacing of 20 mm was rupture
of fibre followed by outward buckling of steel tube whereas
the column with the spacing of 30 mm collapsed by local
buckling of steel tube, which is shown in Figures 22, 23, 24,

25, 26, 27, and 28. The above same type of failure mode
was observed during experimentation. Computational load-
deformation behavior of CFRP strengthened columns were
also compared with experimental results and are represented
in Figures 29 to 35. The load deformation curve obtained by
numerical simulation for all strengthened columns exhibited
linear elastic behavior until it reached the failure load of
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FIGURE 32: Comparison of experimental and computed axial stress-strain behaviours of HS-50-20-T3(1) columns.

control column, followed by inelastic behavior when increas-
ing the load. In addition to this, behavior of those had good
agreement with the experimental results. Until it reached the
yield point, for all columns, it was found to be 2 to 4 mm
less in axial deformation in the case of computational graphs
compared with the experimental results as shown in Figures
29,30, 31, 32, 33, 34, and 35. The ultimate values obtained from
numerical simulation fairly agreed with the experimental
results and in addition the obtained values are 10% to 15%
more than that of experimental results.

6. Conclusions

Experimental and numerical investigations on the behaviours
of axially loaded tubular columns strengthened by CFRP
strips with two types of spacing were presented in this paper.
The finite element model was created by considering the
geometric and material non linearities and the results were
successfully verified against the experimental value. Based
on the experimental and numerical results, the following
conclusions and recommendations are drawn.
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(i) The increase in number of layers turned into fail- (iv) The enhancements in restraining effect against axial
ure mode of inward buckling rather than outward deformation provided by the specimens such as HS-
buckling. It is due to the external restraint effect by 50-30-T1(1), HS-50-30-T2(1), and HS-50-30-T3(1)
CFRP fabrics against outward buckling and as a result were observed as 53.21%, 92.39%, and 125.67%,
inward buckling of steel tube occurred. respectively, compared to control column.

(ii) No debonding of fibre was observed due to perfect (v) The test results revealed that significant enhancement
bond between steel and fibre. in ultimate strength can be achieved with the appli-

(iii) The external bonding of CFRP fabrics effectively cation of CERP strips, especially up to 44.32% more
delayed the local buckling of the steel tube and also than that of bare steel tube.
reduced the axial shortening by providing confine- (vi) Compared to control column (CCl), the specimens

ment against the elastic deformation. HS-50-20-T1(1), HS-50-20-T2(1), and HS-50-20-T3(1)
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TaBLE 1: Maximum deformation, percentage of reduction in deformation, and increase in load carrying capacity.

% of reduction in

Designation of Failure load Maximum ax fal axial deformation % of incrgase in axi'a ! Slenderness
columns (kN) deformation compared to CC2 load carrying capacity value (1)

(mm) (kN)

(kN)

CC1 546 8.29 — —
CC2 564 8.35 — — 0.46
CC3 549 8.5 — —
HS-50-20-T1(1) 709 791 68.68 25.71
HS-50-20-T1(2) 692 7.45 65.34 22.69 0.35
HS-50-20-T1(3) 697 757 67 23.58
HS-50-20-T2(1) 764 746 116.88 35.46
HS-50-20-T2(2) 747 6.93 111.98 32.44 0.31
HS-50-20-T2(3) 753 7.07 114.87 33.51
HS-50-20-T3(1) 814 6.12 163.40 4432
HS-50-20-T3(2) 803 6.02 161.56 42.37 0.28
HS-50-20-T3(3) 798 5.94 159.45 41.48
HS-50-30-T1(1) 690 9.27 53.21 2234
HS-50-30-T1(2) 682 9.12 50.96 20.92 0.35
HS-50-30-T1(3) 691 9.23 51.67 2251
HS-50-30-T2(1) 749 8.18 92.39 32.8
HS-50-30-T2(2) 741 8.02 91.43 31.38 0.31
HS-50-30-T2(3) 739 798 89.6 31.03
HS-50-30-T3(1) 770 7.02 125.67 36.52
HS-50-30-T3(2) 764 7.03 123.7 35.46 0.28

HS-50-30-T3(3) 761 6.94 122.34 34.92
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enhanced their axial load carrying capacity by 25.71%,
35.46%, and 44.32%.

(vii) The external bonding of CFRP fabrics increases the
thickness of the steel tube and decreases the slender-
ness value of the composite plate and as a result, the
elastic buckling stress of the steel tube was increased.

(viii) The numerical results such as failure modes and load
deformation behaviour fairly agreed with the experi-
mental results. And also, the deformed shapes of the
tubular columns obtained by numerical simulation
fairly agreed with the corresponding experimental
results.

(ix) It is suggested that external strengthening of tubular
columns using normal modulus CFRP strips is a quite
effective technique in increasing the load carrying
capacity and stiffness of the tubular sections.
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